Information on the spatial variability of soil-available micronutrients is important for farming and soil management practices. As current knowledge of factors influencing soil available micro-nutrients in the long-term scales is limited, we analyzed 821 and 812 representative surface (0-20 cm) soil samples from five sub-catchments in the Ping Gu intermontane basin in Beijing, China in 2007 and 2017. The objectives of this study were to assess the temporal and spatial distribution characteristics of soil-available micronutrients (Cu, Zn, Fe and Mn) and their relationships with soil's chemical properties. The concentration of available Cu ranged from 1-2 mg·kg −1 distributing over a large area in 2007, but it was more than 2 mg·kg −1 in the hilly regions in 2017. The concentration of available Zn (>5 mg·kg −1 ) increased significantly from 2007 to 2017, and showed an uneven distribution. The distribution of available Fe and Mn decreased from the northeast to the southwest region of the study area between 2007 and 2017, this being consistent with the topography in this area. Soil's available P (AP) had a higher contribution to available Cu and Zn in different sub-catchments. In addition, soil pH had a significant negative influence on available Fe in sub-catchments 1, 2 and 3, and on available Mn in all sub-catchments, except for sub-catchment 4. Moreover, the effects of soil chemical properties on soil-available micronutrients increased in each sub-catchment from 2007 to 2017. We conclude that differences in soil properties and land-use types were the main reasons for the spatial variability of soil-available micronutrients in the Ping Gu intermontane basin.
Introduction
Soil micronutrients play an important role in plants growth; when plant lacks any micronutrients, its growth and development are inhibited, resulting in reduced yield and quality. Information on the spatial distribution of soil micronutrients and their influencing factors are very important for soil management and sustainable agricultural production [1] . Agricultural practices in developing countries like China and India, still consist of small land holdings and intensive cropping [2, 3] . It is necessary to understand the spatial variability of soil micronutrients in agricultural areas and improve management practices. Geostatistical tools provide effective methods to characterize the Sustainability 2019, 11, 5912 2 of 14 spatial variability of soil micronutrients, methods which are conducive to predicting concentrations at un-sampled locations by taking into account the spatial correlation among different points [4] . These methods have enabled recent significant advances on the spatial distribution of soil-available micronutrients (Cu, Zn, Fe and Mn) at different scales. Geographic information systems have been used to characterize the spatial variability of soil-available micronutrients at the field scale [5] ; Zhu et al. (2016) described the spatial distribution of available micronutrients across a watershed on the Chinese Loess Plateau, which indicated that the relationship of soil-available micronutrients and influence factors were scale and location-dependent [6] . Arvind et al. (2016) mapped the spatial distribution of soil micronutrients based on ordinary kriging, and suggested different management practices were needed in the Shiwalik Himalayan region of India [7] . However, studies on the spatial variability of soil-available micronutrients mainly focus on short-term time scales; few investigations have studied the variation of available micronutrients over long time periods.
Although factors influencing the spatial variability of soil-available micronutrients, such as soil parent material, topography, climate and vegetation, are widely recognized, the concentration of micronutrients in the soil is rarely indicative of plant availability, these being influenced by soil organic matter, pH, adsorptive surfaces and other physical, chemical and biological factors [8] [9] [10] . Establishing the relationship between soil available micronutrient concentrations and soil chemical properties is, therefore, important for different planting conditions. A previous study in northern Ethiopia reported that the distribution of soil-available micronutrients varied in space and time across management units, and their variability is presumed to be high due to the existence of small farms and different management practices [11] . Zhang et al. (2015) noted that the long-term input of organic amendments could alter soil nutrients and increase the concentrations of plant-available micronutrients [12] . In addition, different degrees of correlation exist between environmental factors and soil-available micronutrients in arable land, indicating that different management practices should be undertaken to maintain suitable levels of soil-available micronutrients [13] . In order to determine relationships between soil-available micronutrients and their influencing factors, classical statistical methods of correlation or simple liner regression analysis have been applied [14] . However, these methods only considered the variables, ignoring differences in the contribution of influencing factors on available micronutrients across management units.
The Pinggu intermontane basin, a typical drainage basin, is an independent groundwater system. Due to limited water resources and topographical factors, agricultural activities in this area are mainly undertaken on the mountain valleys and in the plain areas. The basin differences in the original geological substrate and subsequent geochemical and pedogenic regimes in different sub-catchments exist. Additionally, long-term tillage and agricultural management has affected the distribution of soil-available micronutrients in this area. The objectives of this study, therefore, are: (1) to explore the spatial variability of soil-available micronutrients (Cu, Zn, Fe and Mn) in the basin, and (2) to assess the relationship of micronutrient availability with soil properties in different sub-catchments based on a multiple stepwise regression method at different times. Our results will have implications for soil micronutrient management and agricultural restructuring in the study area.
Materials and Methods

Study Area
This study was conducted in the Pinggu intermontane basin with latitude between 40 • 01 and 40 • 22 N and longitude between 116 • 55 and 117 • 24 E, covering an area of 1075 km 2 , Beijing, China. It is surrounded by mountains to the north, the east and the southeast (Figure 1 ). The elevation range in the study area is from 13.06 m in the southwest to 1229.66 m in the northeast. The region has a warm, temperate, semi-humid continental monsoon climate with annual rainfall of 629.4 mm and an annual temperature ranging from 26.1 • C to −5.4 • C. The Ju River originates in Hebei Province and runs across the study area from the northeast to the southwest. The largest tributary of the Ju River and some intermittent streams from the northeast mountains connect to the Ju River during the summer monsoon season. For the purposes of this study, we split the catchment area into five sub-catchments corresponding to the main river: (1) Ru River sub-catchment (38,375.95 ha); (2) Huang songyu sub-catchment (22,383.50 ha); (3) Yu zishan River sub-catchment (9558.52 ha); (4) Ju River sub-catchment (9116.59 ha); and (5) Jinji River sub-catchment (11, 863 .84 ha) ( Table 1 ). The study area has a total agricultural land area of 71,293 ha, dominated by orchards in the five sub-catchments in both 2007 and 2017. Other land-use types include crop land and vegetable land which are mainly distributed in the Ju River sub-catchment (4) and the Jinji River sub-catchment (5) . 
Date Collection
Soil Sampling and Measurement
Sampling was undertaken in the research sub-catchments using a systematic grid (400 × 400 m) design incorporating ArcGIS 10.3 (ESRI, Inc., Redlands, CA, USA). A total of 821 and 812 surface soil samples (0-20 cm) were collected from the study areas during April in 2007 and 2017, respectively ( Table 1 ). All samples were collected before the application of fertilizer or organic manure. From each site, 3-4 subsamples were collected to make a composite sample; sampling locations were recorded using a hand-held GPS. All samples were air-dried at room temperature and ground before being passed through a 2 mm sieve. Soil samples were then stored in closed zip-lock plastic bags for analysis.
Available iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) were extracted using diethylene triamine pentaacetic acid (DTPA), and their concentrations were measured by atomic absorption spectrometry (AAS) [15] . Soil pH was determined using a pH electrode at a soil: water ratio of 1:2.5. Soil organic matter (SOM) was analyzed using the Walkley-Black method [16] , and total nitrogen (TN) was measured using the Kjeldahl method. Available P (AP) was determined per the method of Olsen et al. (1954) [17] and available K (AK) was determined using the neutral ammonium acetate method [18] . All methods used for analyzing the soil samples followed standard procedures. 
Date Collection
Soil Sampling and Measurement
Spatial Data Extraction
A digital elevation model (DEM) with a 25 m resolution of the study area, downloaded from the Geospatial Data Cloud website (http://www.gscloud.cn/), was used to extract topographic indices, including elevation, slope gradient and river network based on ArcGIS 10.3. Land-use types for 2015 were inferred from a 1:50,000 land utilization map produced by the Land Resource Investigation Bureau of Beijing.
Data Analysis and Assessment
Descriptive Statistical Analysis
The statistical parameters like minimum, maximum, mean, coefficient of variation (CV) and skewness were obtained. The Pearson correlation coefficients were used to evaluate the correlations between available micronutrients and soil properties, and the multiple liner regression analysis was applied to estimate the influence of soil properties on micronutrient availability. The normal frequency distribution of data was verified by the Kolmogorov-Smirnov (K-S) test. These statistical parameters were calculated with EXCEL 2016 and SPSS 21.0 (SPSS Inc., Chicago, IL, USA).
Geostatistical Analysis
All data were tested for normal distribution, and the semi-variogram analyses were carried out before the application of the ordinary kriging interpolation. The semi-variogram model determined the interpolation function using the following equation [19] :
where γ(h) is the semi-variogram value at a distance interval h; n(h) is the number of data pairs within the distance interval h; and Z(x i ) and Z(x i + h) are soil available micronutrient concentrations at two points separated by the distance of h. A number of models are available to suitably fit the experimental semi-variogram. For our study we used the exponential, Gaussian and spherical models [20] :
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where C 0 is the nugget; C 1 is the partial sill; and a is the range of spatial dependence to reach the sill (C 0 + C 1 ). Prediction accuracy of the semi-variogram models was evaluated using the root mean square error (RMSE):
where n is the number of sampling points; Z(x i , y i ) is the observed soil parameter; Z * (x i , y i ) is estimated based on the samples from the surrounding locations; and (x i ,y i ) are the sampling coordinates.
Assessment of Soil-Available Microelements
The evaluation of soil-available micronutrients was based on the combination of a single validity index (E i ) and a synthetic index (E c ). The validity index of various micronutrients was initially calculated before the synthetic validity index was calculated using the mean root method:
where C i is the measured value of soil-available micronutrients (mg·kg −1 ); S i is the critical value of soil-available micronutrients according to the standardized proposed by the Chinese Academy of Sciences [21] (Table 2) ; and m is available micronutrient species. 
Results
Soil-Available Micronutrients
The results showed that the range of available micronutrients was increased in 2017 compared to 2007; similarly, the average concentrations of four available micronutrients in 2017 recorded significant increases. Moreover, results from 2007 showed Fe and Cu concentrations to have very high levels, whilst Zn attained a high level and Mn was at medium level. The CV value was used to identify low (<10%), medium (10-100%) and high (>100%) variabilities of the soil-available micronutrients [22] . The concentrations of Cu, Zn, Fe and Mn had medium variability in 2007; however, Zn was recorded a very high CV value in 2017. It showed that the concentrations of soil-available micronutrients passed the K-S normality test at a significance level of 0.05 after logarithmic transformation (Table 3 ).
Spatial Distribution of Soil-Available Micronutrients
The semi-variogram parameters of the four available soil micronutrients in the study area are shown in Table 4 . The best-fitted model was selected for spatial variability of available micronutrients, which had a low RMSE value. The nugget/sill ratio values were 79.90%, 63.25%, 8. The spatial distribution maps of the soil-available micronutrients (Cu, Zn, Fe and Mn) for 2007 and 2017 were generated using the ordinary kriging method ( Figure 2 ). Available Cu, in the concentration range of 1-2 mg·kg −1 , had a wide distribution across the study area in 2007. Areas with the highest concentrations predominantly were the hilly region in the northwestern area of the draniage basin. By 2017, however, concentrations of available Cu had reached very high levels (>2 mg·kg −1 ) in the hilly regions to the southeast and the northwest of the area. The main reason for the increase in available Cu may be due to the transformation of land-use types in this area. High concentrations of available Zn (>5 mg·kg −1 ) recorded an uneven distrubution at the edge of river alluvial deposits in 2007 and 2017; however, the concentration of available Zn in 2017 had increased in the most of the study areas compared with 2007. The distribution of available Fe generally decreased from the northeast to the southwest, this being consistent with topographic trends in 2007 and 2017, and areas with very high concentrations (>20 mg·kg −1 ) increased along the rivers by 2017. The spatial distribution of available Mn was similar to the distirbution of available Fe in 2007 and 2017. In 2017, high Mn concentrations (>20 mg·kg −1 ) were found to have a circular distribution around the mountains. 
The semi-variogram parameters of the four available soil micronutrients in the study area are shown in Table 4 . The best-fitted model was selected for spatial variability of available micronutrients, which had a low RMSE value. The nugget/sill ratio values were 79.90%, 63.25%, 8. 
Assessment of Soil-Available Micronutrients in the Different Sub-Catchments
In order to explore the variation of soil-available micronutrients in the different sub-catchments, the indexes of available Cu, Zn, Fe and Mn were calculated for 2007 and 2017 ( Figure 3) . The single and synthetic index of available Cu, Zn, Fe and Mn in 2017 increased in different degrees in the five sub-catchments compared with 2007. The single index of available Cu in sub-catchment 2 was lower than that in the other sub-catchments in 2007. However, its maximum value (4.71) was recorded in sub-catchment 2 in 2017, and it had a significant difference compared with that in sub-catchments 1, 
Influencing Factors
The Soils' Chemical Properties
The highest mean values of SOM for sub-catchment 2 were 16.62 g•kg −1 in 2007 and 22.72 g•kg −1 in 2017 ( Table 5 ). The lowest belonged to sub-catchment 5, at 12. 
Influencing Factors
The Soils' Chemical Properties
The highest mean values of SOM for sub-catchment 2 were 16.62 g·kg −1 in 2007 and 22.72 g·kg −1 in 2017 ( Table 5) 
Correlation Analysis
Correlation coefficient results between micronutrients and soil properties, including soil SOM, TN, AP, AK and pH ( Table 6) 
Elements
Year 
Influencing Factors' Analyses
Stepwise regression analysis was used to quantify the influence of soil properties on the spatial variability of soil-available micronutrients in the different sub-catchments ( Figure 4) . The total contribution of SOM and AK can explain 16.2% of the spatial variability of available Cu in sub-catchment 2 in 2007. In 2017, the contribution of AP was higher than that of other factors among the sub-catchments, explaining 32.50% of the spatial variability of available Cu in sub-catchment 3. The spatial variability of available Zn was greatly affected by AP in each sub-catchment in 2007 and 2017, accounting for 25.00%, 50.60%, 48.40%, 63.20% and 63.70% of the spatial variability of available Zn in sub-catchments 1-5 in 2017, respectively. In addition, 64.80% of the spatial variability of available Zn could be explained by AP, AK, SOM and pH in sub-catchment 2 in 2017, indicating that the spatial variability of available Zn in this catchment was the result of multitude factors. Soil pH has a negative effect on available Fe, and the influence of soil pH was greater in sub-catchments 1-3 in 2007 and 2017, accounting for 71.40% of the spatial variability of available Fe in sub-catchment 3 in 2017. This result indicated soil pH to be the main factor causing spatial variability of available Fe in sub-catchments 1-3. Additionally, soil AP can explain 13.70%, 23.30% and 47.40% of the spatial variability of available Fe in sub-catchments 3-5 in 2017, respectively. These differences were mainly due to different soil management practices between the catchments. Apart from sub-catchment 4, soil pH significantly influenced spatial variability of available Mn in the sub-catchments in 2007. In 2017, soil pH accounted for 55.80% of the spatial variability of available Mn in sub-catchment 4, a change that was mainly caused by soil acidification in this sub-catchment. 
Discussion
Spatial Variability of Available Micronutrients
The spatial variation of soil-available micronutrients was influenced by structural and random factors in the study area. These results are in accordance with those of Zhang et al. (2013) who reported that random factors, such as tillage, fertilizer application and irrigation, affected the spatial variation of soil-available micronutrients [23] . Moreover, long-term soil management practices and anthropic activities might change the distribution of the Cu; the very high level of available Cu was centralized in the north in 2007 and expanded to the southern hilly regions in 2017. That result was accordance with Arvind et al. (2017) who reported that the effects of random factors on available micronutrients have been gradually increasing [7] . The spatial distribution of very high levels (>5 mg·kg −1 ) of available Zn was also uneven in both 2007 and 2017; that is in line with the result of Opfergelt et al. (2017) , who found that the distribution of micronutrients was affected by soil matrix, geomorphology and special fertilization measures [24] . In addition, the expansions of areas with high-levels of soil micronutrients were mainly caused by increases in fertilizer input and land-use changes [25] . The distributions of available Fe and Mn recorded a gradual increase from the southeast to the northwest in the study area in 2007 and 2017; these changes, being similar to the landscape distribution, were mainly affected by topography and soil type. Similar spatial variations of Fe and Mn were also reported in soils in Iran by Ayoub et al. (2014) [26] .
Changes in Soil-Available Micronutrient Concentrations from 2007 to 2017
In our study, the concentration of soil micronutrients (Cu, Zn, Fe and Mn) reached high or very high levels from 2007 to 2017. However, a previous study by Reza et al. (2017) indicated that deficient levels of soil-available micronutrients were observed in agricultural areas, findings which are inconsistent with those in our study [27] . These differences may be due to the variations in soil background values, soil texture and agricultural management practices [28] . In addition, although available micronutrients are essential nutrients for plants, the concentration of available micronutrients, which was far higher than the critical value, may result in potential environmental risk to the soil [29] . Therefore, the negative effects of extremely high concentrations of soil-available micronutrients on crop growth will need to be explored in the future. Our results also showed that the single and synthetic indices of soil-available micronutrients in sub-catchments 1-3 were higher than those in sub-catchments 4 and 5. This finding was mainly due to orchard land-use being dominant in sub-catchments 1-3. The concentration of soil-available micronutrients increased in these catchments due to excessive long-term application of organic and inorganic fertilizers under smallholder production. Similarly, these findings were in accordance with those reported by Kuppusamy et al. (2018) from a rice paddy in South Korea [30] .
The Relationship between Soil-Available Micronutrients and Soil Properties
As the availability of micronutrients can be affected by many factors, we examined the relationship of available micronutrients and soil properties using correlation analysis ( Table 5 ). SOM had a positive (p < 0.01) influence on available micronutrients in 2017, a result that was in accordance with results by Verma et al. (2015) [31] . The application of manure enhances microbial activities which accelerate the release of available micronutrients in the soil. TN had a significant and positive (p < 0.01) correlation with available micronutrients in 2017. However, previous studies have shown that the concentration of soil available Cu and Zn significantly decreased with the addition of nitrogen. Differences in these findings may be attributed to different land-use, soil management and fertilizer types [32] . A significant and positive (p < 0.01) relationship between soil AK and available Cu, Zn and Fe in both 2007 and 2017 were found, results which are similar to those reported by Likar et al. (2007) in Henan province, China [33] . Additionally, soil pH had a negative and significant (p < 0.01) correlation with available micronutrients in our study in 2007 and 2017, a finding that is in accordance with that of Wei et al. (2004) , who reported that low soil pH could improve the availability of micronutrients by releasing adsorbed metals from the soil surface [34] .
Stepwise regression analysis of SOM, TN, AP and AK with soil-available micronutrients was undertaken for the five sub-catchments in 2007 and 2017; the variations of influencing factors is shown in Figure 4 . Our results indicated that the effects of SOM on available Cu in sub-catchment 4 were 13.00% and 8.50% in 2007 and 2017, respectively. Land-use types indicated that this catchment had an area of more than 20% being used for vegetable crops; thus, the application of poultry litter for these crops as a fertilizer may account for the high levels of Cu [35] . AP had a higher contribution to the concentration of available Zn in different sub-catchments in 2007 and 2017. Wang et al. (2016) noted that the application of phosphate fertilizer containing zinc may increase available Zn in soils [36] . Additionally, the contribution of soil pH to available Fe and Mn in 2017 was higher than in 2007, a change which may be associated with the excessive application of fertilizers over a long time-period, which would result in soil acidification in each sub-catchment [37] . Moreover, the differences in the contribution of soil SOM, pH, AK and AP among sub-catchments were mainly due to small farming practices and soil management techniques.
Conclusions
The concentrations of available Cu and Zn at very high levels had an uneven distribution in both 2007 and 2017. However, the distribution of soil available Fe and Mn generally decreased from the northeast to the southwest in 2007 and 2017, a result which is consistent with the topographical changes in the study area. The spatial variability of soil-available micronutrients was mainly influenced by random factors, such as land-use type, field management and fertilizer application, and it has been gradually strengthening from 2007 to 2017. The single and synthetic indices of available Cu, Zn, Fe and Mn in 2017 showed a significant increasing trend compared with those in 2007 in the different sub-catchments. Moreover, the availability of soil micronutrients in sub-catchments 1-3 was higher than those in sub-catchments 4 and 5.
Our results showed the mean values of SOM, TN, AP and AK for five sub-catchments increased in 2017 compared with 2007; however, the mean values of pH decreased. SOM is not the main factor causing the spatial variability of available micronutrients in the different sub-catchments, although it had a positive influence on soil-available micronutrients. Soil AP can explain 32.50%, 14.80% and 26.60% of the spatial variability of available Cu in sub-catchments 3, 4 and 5 in 2017, respectively. Additionally, it was the main factor causing spatial variability of available Zn in the different sub-catchments in 2007 and 2017. Soil pH has a negative effect on four kinds of soil-available micronutrients, and it was the main factor causing the spatial variability of available Fe content in sub-catchments 1-3, a finding which was closely related to land-use and fertilizer application. The spatial variability of available Mn was mainly influenced by soil pH in the different sub-catchments in 2007 and 2017. Our findings provide a preliminary guide for fertilization practices in this region, as well as soil management, in the intensively cultivated land in the Ju River basin.
